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Ubiquitin-specific Peptidase 9, X-linked (USP9X) Modulates
Activity of Mammalian Target of Rapamycin (mTOR)™
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Background: The kinase mTOR is a key regulator of cellular growth and differentiation.

Results: The deubiquitinase USP9X interacts with mTOR and modulates its activity in C2C12 cells.

Conclusion: USP9X negatively regulates mTOR activity and muscle differentiation.

Significance: Pharmacological inhibition of USP9X could promote mTOR activity and differentiation to reverse muscle

atrophy.

The mammalian target of rapamycin (mTOR) is an atypical
serine/threonine kinase that responds to extracellular environ-
ment to regulate a number of cellular processes. These include
cell growth, proliferation, and differentiation. Although both
kinase-dependent and -independent functions of mTOR are
known to be critical modulators of muscle cell differentiation
and regeneration, the signaling mechanisms regulating mTOR
activity during differentiation are still unclear. In this study we
identify a novel mTOR interacting protein, the ubiquitin-spe-
cific protease USP9X, which acts as a negative regulator of
mTOR activity and muscle differentiation. USP9X can co-im-
munoprecipitate mTOR with both Raptor and Rictor, compo-
nents of mMTOR complexes 1 and 2 (mTORC1 and -2), respec-
tively, suggesting that it is present in both mTOR complexes.
Knockdown of USP9X leads to increased mTORCI1 activity in
response to growth factor stimulation. Interestingly, upon initi-
ation of differentiation of C2C12 mouse skeletal myoblasts,
knockdown of USP9X increases mTORC2 activity. This
increase in mTORC?2 activity is accompanied by accelerated dif-
ferentiation of myoblasts into myotubes. Taken together, our
data describe the identification of the deubiquitinase USP9X as
a novel mTORCI and -2 binding partner that negatively regu-
lates mTOR activity and skeletal muscle differentiation.

Mammalian target of rapamycin (mTOR),* a 300-kDa
kinase, belongs to the family of phosphatidylinositol kinase-
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related kinases and is evolutionarily conserved from yeast to
humans. In cells, mTOR exists in two distinct multiprotein
complexes, mTOR complex 1 (mTORC1) and 2 (mTORC?2),
defined by the presence of unique binding partners, regulatory-
associated protein of mTOR (Raptor) and rapamycin-insensi-
tive companion of mTOR (Rictor), respectively (1, 2). Raptor
and Rictor are scaffold proteins that facilitate mTOR binding
with its regulatory interactors and downstream substrates.
Well established functions of mTORCI include the regulation
of ribosomal biogenesis, translation, transcription, stress
response, and autophagy (3). mTORC?2 is involved in actin
organization in cells (3, 4). Although mTORCI is the primary
target inhibited by the drug rapamycin, prolonged treatment of
cells with the drug also results in the inhibition of mTORC?2 (5).
The inhibition of mMTORC2 may be a secondary effect brought
about by sequestration of mTOR in a complex with rapamycin-
FKBP12, thereby limiting the pool of mTOR available to form
mTORC2.

The mTOR signaling pathway is regulated by growth factors,
nutrients, cellular energy, and stress (3, 6). In response to these
various upstream inputs, mTOR exerts its functions through
regulation of a number of downstream targets. Two of the most
well characterized targets of mMTORC1 in mammalian cells are
ribosomal protein S6 kinase 1 (S6K1) and eIF4E-binding pro-
tein (7). Activated S6K1 phosphorylates the 40 S ribosomal sub-
unit S6 and promotes mRNA translation. The mTOR substrate
elF4E-binding protein is critical for mTOR mediated regula-
tion of cap-dependent translation (8). Upon activation,
mTORC2 can phosphorylate a number of substrates including
Akt. Akt also acts upstream of mTOR signaling, but mTORC2-
mediated Akt phosphorylation at Ser-473 is required for full
activation of Akt kinase functions (9).

Given its central role in integrating growth factor and nutri-
ent status with cell growth and metabolism, it is not surprising
that mTOR is a critical regulator of muscle cell differentiation
and regeneration (10). Rapamycin has been shown to inhibit
muscle hypertrophy and regrowth of myofibers after denerva-
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ciated protein of mTOR; Rictor, rapamycin-insensitive companion of
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cific peptidase 9, X-linked.
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tion (11, 12). Whether the rapamycin-induced reduction in
hypertrophy is mediated by inhibition of mMTORC1, mTORC2,
or both remains controversial. Independent studies have shown
that genetic ablation of mMTORC1 or mTORC?2 activity by dele-
tion of Raptor or Rictor, respectively, reduces the differentia-
tion potential of myoblasts (13, 14). Besides mTOR kinase-de-
pendent activities, kinase-independent functions of mTOR
may also be important for early steps of muscle differentiation
(11, 15). In addition, mTOR has been shown to modulate myo-
genesis by transcriptionally regulating insulin-like growth fac-
tor II expression (16). However, despite the wealth of informa-
tion available on mTOR signaling, we still do not have a
complete understanding of the proteins regulating this path-
way, particularly during skeletal muscle differentiation. Identi-
fication of novel mTOR interactors will provide further insight
into the modulation of biological role of mTOR in muscle cell
differentiation.

In this report we identify and characterize the interaction
between mTOR and its novel binding protein, the deubiquiti-
nase enzyme USP9X (also known as fat facet in mouse (FAM)).
To discover mTOR binding partners, we employed tandem
affinity purification to isolate mTOR complexes and used mass
spectrometry to determine the identity of interacting proteins.
Using this approach, we identified several known interactors of
mTOR as well as we isolated USP9X as a novel mTOR interac-
tor. USP9X plays an essential role in development and can reg-
ulate cell adhesion and polarity and promote cell proliferation
by deubiquitinating and stabilizing its substrates (17-21).
USP9X mRNA and protein levels are elevated in undifferenti-
ated human and mouse stem cells, and modest increases in
USP9X can promote the self-renewing ability of progenitor
cells (22-24). We show that USP9X interacts with both
mTORCI1 and mTORC2 and negatively regulates mTOR activ-
ity and differentiation. Co-purification of MAGED1, a known
regulator of muscle and neuronal differentiation, in a tandem
affinity-purified USP9X protein complex further supports the
role of USP9X in modulation of muscle differentiation.
Although USP9X does not seem to modulate mTOR protein
levels, reduction of USP9X levels promotes mTOR functions in
C2C12 myoblasts. Under growth factor starvation and stimula-
tion, USP9X knockdown increases mTORCI activity. How-
ever, upon differentiation, reducing USP9X levels results in
higher mTORC2 activity. The increase in mTORC2 activity
observed upon low USP9X levels is accompanied by accelerated
differentiation of C2C12 myoblasts into myotubes.

EXPERIMENTAL PROCEDURES

Cell Culture—HEK293T cells (ATCC) were grown in Dul-
becco’s modified Eagle’s medium (DMEM, Cellgro) supple-
mented with 10% heat inactivated fetal bovine serum (FBS,
Invitrogen). C2C12 myoblasts (ATCC) were grown in DMEM
supplemented with 10% fetal bovine serum (FBS, Cellgro). Cells
were grown under 5% CO, at 37 °C.

Antibodies and Reagents—mTOR, Raptor, Rictor, phos-
pho-S6 (Ser-235/236), total-S6, phospho-Akt (Ser-473), and
total-Akt antibodies were from Cell Signaling. Other antibodies
were polyclonal anti-USP9X (Abcam), monoclonal anti-
USP9X (Santa Cruz), HRP-conjugated anti-actin antibody
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(Sigma), anti-V5 (Invitrogen), HRP-conjugated secondary anti-
bodies (GE Healthcare), and Alexa 488- and 555-conjugated
antibodies (Molecular Probes). The myogenin (MyoQG) anti-
body developed by Woodring E. Wrigth and the myosin heavy
chain antibody developed by Donald A. Fischman were
obtained from the Developmental Studies Hybridoma Bank
developed under the auspices of the NICHD and maintained by
The University of Iowa, Department of Biology, Iowa City, IA.
For proteolysis, sequencing grade, modified trypsin (porcine)
was purchased from Promega (Madison, WI). Control siRNAs
and those targeting USP9X and mTOR were purchased from
Dharmacon, now part of Thermo Fisher Scientific. Protein
chemistry reagents including iodoacetamide and dithiothreitol
(DTT) were obtained from Sigma. HPLC solvents were
obtained from Burdick & Jackson (Muskegon, MI).

Constructs—Tandem affinity purification (TAP)-tag con-
structs were obtained from Euroscarf (25). Human mTOR
c¢DNA was a kind gift from Michael Hall (University of Basel,
Switzerland). mTOR was PCR-amplified and cloned into
pENTR-DTOPO Gateway entry clone (Invitrogen) according
to the manufacturer’s instructions. mTOR was PCR-amplified
using the long range amplification kit (Qiagen) with the follow-
ing primers: forward primer, 5'-CACCATGCTTGGAACCG-
GACCTGC-3'; reverse primer, 5'-TTACCAGAAAGGGCAC-
CAGC-3'. N-terminal TAP-tagged mTOR was generated by
performing an attL. X attR recombination (LR) reaction
between the mTOR entry clone and TAP-tag destination vector
as recommended by manufacturer (Invitrogen). USP9X cDNA
clones were kindly provided by Stephan Wood (Griffith Uni-
versity, Australia). TAP-tagged USP9X was generated using the
same protocol as mTOR, except the TAP-tag was fused to the C
terminus of USP9X.

DNA and siRNA Transfection—HEK293T cells were grown
to 80% confluency in antibiotic-free media and transfected with
plasmid DNA using Lipofectamine 200 (Invitrogen) as per the
manufacturer’s protocol. Transfection of C2C12 cells with
siRNA was done using Lipofectamine 200. A day before trans-
fection, 800,000 low passage C2C12 cells were plated in a 10-cm
dish in the absence of antibiotics. The transfection mix was
made by combining 133 ul of 20 um siRNA with 156 ul of
Lipofectamine 200 in 2.5 ml of serum free media and incubated
at room temperature for 20 min. The transfection mix was then
added to the cells dropwise. Five hours after adding the trans-
fection mix, the media on cells was replaced with fresh growth
media (without penicillin/streptomycin). Cells were then used
for mTOR cell-based assays as described below. For overex-
pression, 67 ug of either empty vector control or V5-USP9X
¢DNA vector and 168 ul of Lipofectamine 200 were used for
transfection of C2C12 myoblasts in a 10-cm dish. Transfection
was carried out as discussed for siRNA. 48 h after transfection,
cells were plated in media containing 10 pg/ml blasticidin. The
cells were drug selected for at least 10 days before using for
further experiments.

Tandem Affinity Purification—HEK293T cells were tran-
siently transfected with either TAP-tag or TAP-mTOR con-
structs in five 10-cm dishes each. 48 h after transfection, each
plate was lysed in 1 ml of lysis buffer: 40 mm HEPES, 120 mm
NaCl, 2 mm EDTA, 0.3% CHAPS, with protease and phospha-
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tase inhibitors. Lysis was carried out for 30 min on ice with
Dounce homogenization. Cell lysates were cleared of debris by
high speed spin on a tabletop centrifuge for 30 min at 4 °C, and
proteins were estimated using bicinchoninic acid (BCA) kit
(Pierce). 15-17 mg of cell lysate was used for tandem affinity
purification. The first round of purification was done on IgG
beads (Sigma) equilibrated in lysis buffer for 2 h at 4 °C with
gentle rotation. 25 ul of bead slurry was used per mg of protein.
The beads were spun down and washed twice in lysis buffer
followed by 2 washes in TEV protease reaction buffer: 40 mm
HEPES, 120 mm NaCl, 2 mm EDTA, 0.1% CHAPS without pro-
tease and phosphatase inhibitor. The beads were then incu-
bated with TEV protease (Invitrogen), and the reaction was
carried out overnight at 4 °C. After TEV reaction, the beads
were spun down, the supernatant was collected, and its volume
was measured. The beads were then washed with the TEV pro-
tease reaction buffer using the 1X volume as the TEV superna-
tant. The wash and the TEV supernatant were pooled, and the
second round of purification was done using streptavidin beads
(Pierce), 15 ul of bead slurry/mg of starting protein concentra-
tion. Before use, streptavidin beads were equilibrated with TEV
protease reaction buffer. Streptavidin pulldown was performed
at 4 °C for 2 h with gentle rotation. The beads were spun down
and washed four times with TEV protease reaction buffer, and
the purified complexes were eluted twice using 5 mm D-biotin at
4. °C; first elution was done for 30 min, and the second elution
was for 15 min. The eluted samples were pooled together and
used for further analysis. A fraction of sample from each step of
purification was saved to test the efficiency of tandem affinity
purification. For TAP-USP9X purification, the conditions were
similar to that used for TAP-mTOR, except mild lysis buffer (10
mM Tris, pH 7.5, 100 mm NaCl, 0.02% Triton X-100, with pro-
tease and phosphatase inhibitors) was used for cells lysis and
during purification. In all cases cells expressing the TAP-tag
alone served as a negative control to identify nonspecific bind-
ing proteins (supplemental Table S1B).

Cell-based Assay to Monitor in Vivo mTOR Activity—C2C12
cells were transfected with either control or USP9X or mTOR
siRNA (Dharmacon) as described above. 24 h after transfection,
cells were split into 24-well plates and allowed to recover for a
day. After recovery, cell were washed twice with phosphate
buffered saline (PBS) and growth factor-starved in media con-
taining 0.1% FBS. After 24 h of starvation, cells were stimulated
with media containing 10% FBS and 100 n™ insulin for 5 or 15
min. Starved and stimulated cell samples were collected in LDS
buffer (Invitrogen), DTT was added to a final concentration of
100 mm, and samples were boiled for 5 min. The samples were
analyzed for mTOR activity by measuring the phosphorylation
state of S6 and Akt using Western blotting.

Western Blotting and Immunoprecipitation (IP)—Protein
samples were boiled in 1X LDS sample buffer (Invitrogen), and
samples were run on 4—12% NuPAGE gradient gels (Invitro-
gen) using MOPS running buffer (Invitrogen). The proteins
were then transferred to nitrocellulose membrane (Pall Life Sci-
ences), blocked in 5% nonfat dry milk made up in TBST (Tris-
buffered saline containing 0.1% of Tween 20). Western blot
analysis for various proteins was performed according to man-
ufacturer’s recommendations. For co-IP, HA-mTOR or
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V5-USP9X was transiently expressed in HEK293T cells. 48 h
after transfection, cells were lysed using mild lysis buffer: 10 mm
Tris, pH 7.5, 100 mm NacCl, 0.02% Triton X-100, with protease
and phosphatase inhibitors. Cell lysate was cleared of debris by
spinning the sample at 16,000 X g for 15 min at 4 °C, and pro-
tein estimation was performed using BCA assay kit (Pierce).
Equivalent amounts of protein were precleared using equili-
brated protein G-agarose beads (GE Healthcare) for 1 hat 4 °C
with rotation; 50 ul of bead slurry was used per mg of protein
lysate. The beads were spun down, and the supernatant was
used for IP experiments. For IP, cleared protein lysates were
incubated with antibody against the protein being immunopre-
cipitated for 2 h at 4 °C with rotation, after which equilibrated
protein G-agarose was added, and IP was continued for an addi-
tional 1 h. Finally, the beads were spun down and washed four
times using the lysis buffer. USP9X IPs from C2C12 cells was
performed using polyclonal USP9X antibody under the same IP
conditions as that used for V5-USP9X IP. For USP9X IPs under
differentiation, cells were either undifferentiated or differenti-
ated for 3 or 7 days as discussed below, and USP9X IPs were
performed. Immunoprecipitated samples were run on gels and
proteins detected as described.

Immunofluorescence—C2C12 cells were plated in an 8-well
chamber slide at 5000 cells per well. A day after plating, cells
were fixed in 4% paraformaldehyde for 15 min at room temper-
ature, washed 3 times with PBS, and permeabilized using 0.2%
Triton X-100 in PBS for 15 min at room temperature. Cells
were washed 4 times with PBS, blocked with 5% normal goat
serum in PBS for 30 min at room temperature, and then incu-
bated with primary antibodies overnight at 4 °C. For co-local-
ization of USP9X and mTOR, mouse monoclonal USP9X anti-
body (Santa Cruz) at a 1-50 dilution and rabbit monoclonal
mTOR antibody (Cell Signaling) at a 1-200 dilution in blocking
buffer was used. After primary antibody incubation, cells were
washed 4 times with PBS and incubated with goat anti-mouse
Alexa 488 and goat anti-rabbit Alexa 555 antibodies at 1-200
dilution in blocking buffer. Secondary incubation was done at
room temperature for 1 h followed by 4 PBS washes. Finally,
cells were mounted using ProLong Gold antifade reagent with
DAPI (Invitrogen) and 0.16 — 0.19-mm-thick coverslips (VWR).
Images were taken using confocal microscope Zeiss LSM 510
with a 60X objective under oil immersion. The images were
further processed using Bitplane Imaris 7.0 software and then
compiled using Adobe Illustrator CS4. For MyoG and myosin
heavy chain (MHC) immunofluorescence, C2C12 cells were
plated in an 8-well chamber slide at 20,000 cells per well 24 h
after transfection with siRNA and differentiated as described
below. MyoG and MHC immunofluorescence were done simi-
lar to USP9X, except the experiment was done using donkey
serum and the primary antibodies were used at 1-100 dilution.
Donkey secondary anti-mouse Alexa 488 was used at a 1-500
dilution. The experiment was done in triplicate, and three
images per replicate (a total of nine images per condition) were
counted for analysis. MyoG and total nuclei was spot counted
with Bitplane Imaris 7.0 software. Nuclei in MHC-positive cells
were identified manually, and the count was automated using
Bitplane Imaris 7.0 software.
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C2C12 Cell Differentiation—C2C12 myoblasts were trans-
fected with control or USP9X siRNA (Dharmacon) as described
above and split into 24-well plates a day after transfection. Cells
were allowed to recover for a day and then changed to differen-
tiation media, which was DMEM supplemented with 2% heat
inactivated horse serum. Cell samples for both conditions were
collected from the start of differentiation in 24-h intervals using
radio immunoprecipitation lysis buffer: 50 mm Tris, pH 8.0, 150
mM NacCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS con-
taining protease and phosphatase inhibitors. Before lysis, cells
were washed with PBS and then scraped in radio immunopre-
cipitation assay buffer and saved at —80 °C. At the end of the
differentiation experiment, radio immunoprecipitation assay
lysates were thawed on ice and lysed additionally for 30 min at
4 °C with gentle rotation. Cell debris was removed by spinning
at 16,000 X g for 15 min at 4 °C, and protein concentration was
determined using a BCA kit (Pierce). Equivalent protein
amounts were run on SDS-PAGE gel and Western-blotted.
Protein band intensity was quantitated using ImageQuant.

In-gel Digestion and Mass Spectrometry Analysis—Protein
samples were boiled in 1X LDS sample buffer (Invitrogen), and
samples were separated by one-dimensional SDS-PAGE on
4-12% NuPAGE gradient gels (Invitrogen) using MOPS run-
ning buffer (Invitrogen). The gel was stained with Sypro Ruby
(Invitrogen), and gel bands were manually excised and trypsin-
digested as follows. Gel spots were destained and dehydrated
with acetonitrile. Proteins were reduced with 10 mm DTT at
56 °C for 60 min, alkylated with 55 mm iodoacetamide (37 °C, 45
min), and then incubated with 250 ng of sequencing grade tryp-
sin (Promega) at 37 °C overnight. The resulting tryptic peptides
were extracted from the gel with 50% acetonitrile, 5% formic
acid. Samples were concentrated under vacuum and resus-
pended in 5% acetonitrile, 5% formic acid. Peptide mixtures
were separated using an Eksigent nano-LC 2D HPLC system
(Eksigent, Dublin, CA) and analyzed by electrospray ionization
with a quadrupole time-of-flight mass spectrometer (QSTAR
Elite, ABSCIEX, Concord, Canada) operating in the positive ion
mode. Briefly, peptides were applied to a guard column (C18
Acclaim PepMap100, 300-um inner diameter X 5 mm, 5-um
particle size, 100 A pore size, Dionex, Sunnyvale, CA) and
washed with the aqueous loading solvent (2% solvent B in A,
flow rate: 20 pl/min) for 10 min. Subsequently, samples were
transferred onto the analytical C18-nanocapillary HPLC col-
umn (C18 Acclaim PepMap100, 75-um inner diameter X 15
cm, 3-um particle size, 100 A pore size, Dionex) and eluted at a
flow rate of 300 nl/min either using Gradient 1 (2—40% solvent
Bin A (from 0 to 35 min), 40 —80% solvent B in A (from 35 to 45
min), and at 80% solvent B in A (from 45 to 55 min), with a total
runtime of 85 min (including mobile phase equilibration)) or
using a slightly longer Gradient 2 (2—40% solvent B in A (from
0 to 45 min), 40 — 80% solvent B in A (from 45 to 60 min), and at
80% solvent B in A (from 60 to 70 min), with a total runtime of
105 min (including column equilibration)). Solvents were pre-
pared as follows: mobile phase A, 2% acetonitrile, 98% of 0.1%
formic acid (v/v) in water; mobile phase B, 98% acetonitrile, 2%
of 0.1% formic acid (v/v) in water. Mass spectra and tandem
mass spectra (MS/MS) were recorded in positive-ion mode
with a resolution of 12,000 —15,000 full width at half maximum.
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The nanospray needle voltage was typically 2300 V in
HPLC-MS mode. Spectra were calibrated in static nanospray
mode using MS/MS fragment ions of a Glu-fibrinogen B pep-
tide standard (y, fragment ion with m/z at 175.1195 and y,,
fragment ion with 71/z at 1285.5444). For collision-induced dis-
sociation tandem mass spectrometry, the mass window for pre-
cursor ion selection of the quadrupole mass analyzer was set to
+1 m/z. The precursor ions were fragmented in a collision cell
using nitrogen. Advanced information-dependent acquisition
was employed for MS/MS data collection using the QSTAR
Elite (Analyst QS 2.0)-specific features, including “Smart Colli-
sion” and “Smart Exit” (either with the fragment intensity mul-
tiplier set to 4 and maximum accumulation time at 2.5 s or for
weaker samples with the fragment intensity multiplier set to 8
and maximum accumulation time at 3 s) to obtain MS/MS
spectra for the six most abundant precursor ions after each
survey scan. Dynamic exclusion features, based on value M,
were set to a width of 50 mDa and exclusion duration of 120 s.

Bioinformatics Data Base Searches and Analysis of Mass
Spectrometric Data—Protein Pilot 4.1 beta software, Version
4.1.46 (revision 460) with the Paragon Algorithm 4.0.0.0.459
developed by AB Sciex (26), was used to perform mass spectro-
metric data base searches. Peaklists for the QSTAR Elite LC-
MS/MS data sets were generated using Protein Pilot 4.1.46
(revision 460). For Protein Pilot searches the following search
parameters were used: trypsin enzyme specificity, carba-
midomethyl (Cys) as a fixed modification, “thorough search effort
setting” allowing for “biological modifications.” In contrast to
other search engines, the “thorough” mode of Paragon Algo-
rithm determines modifications using feature probabilities
based on the specified settings (26). The mass tolerance for the
QSTAR Elite data was generally considered <50 ppm on the
precursor and the fragment ion levels. All data were searched
using the publicly available SwissProt data base (SwissProt
Homo sapiens, total sequence entries 20,239, “UniProt release
2010_05,” retrieved May, 2011). To assess false discovery rates
and restrict the rates of false positive peptide/protein identifi-
cations, we used the Proteomics System Performance Evalua-
tion Pipeline (PSPEP) tool available in ProteinPilot 4.1. This
tool automatically creates a concatenated forward and reverse
decoy data base and provides an Excel output of the experimen-
tally determined false discovery rate at the spectral, peptide,
and protein levels with standard statistical errors (26). The dis-
criminating variable for the Paragon algorithm is the peptide
confidence value, which is a 0—99-scaled real number (26). For
all mTOR affinity experiments and corresponding data base
searches, a cut-off peptide confidence value of 96 was chosen
for which the Protein Pilot false discovery rate analysis tool
(PSPEP) algorithm (26) provided a global false discovery rate of
1% and a local false discovery rate at 5% in all cases. Typically, a
minimum of two detected peptides was required for the iden-
tification of a protein (see supplemental Tables S1, A, B, and D).
In the few cases where only one unique peptide per protein was
identified, the MS/MS spectrum was inspected “manually” (see
supplemental Fig. S9) based on an adaptation of previously
published criteria (27). Proteins with only one observed peptide
were manually validated and added to the list only if the follow-
ing criteria were satisfied: (a) a correct precursor ion charge
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FIGURE 1. Tandem affinity purification of TAP-mTOR complexes. A, kinase
activity of TAP-mTOR protein is shown. TAP-tag and TAP-mTOR were immu-
noprecipitated using IgG beads, and in vitro kinase activity was measured
using S6K1 as a substrate. B, Western blot (WB) analysis of TAP-mTOR puirifi-
cation is shown. TAP-tag (left panel) or TAP-mTOR (right panel) was transiently
expressed in HEK293T cells, and tandem purification was performed using
the protocol as described under “Experimental Procedures.” Samples were
analyzed after TEV protease treatment (7st Step) and after biotin elution (2nd
Step) to determine the efficiency of purification. Western blot analysis using
anti-mTOR antibody (upper panel) and anti-raptor antibody (lower panel)
were performed to monitor the purification of mTOR complexes. Relative
loading of various fractions are shown by the numbers below the blot. C, tan-
dem purification of TAP-mTOR complexes is shown. TAP-tag and TAP-mTOR
complexes were purified as in B, and the final elutes were run on SDS-PAGE
gels and analyzed using SYPRO Ruby staining. TAP-mTOR, USP9X, Raptor,
Rictor, and TTI1 bands, as indicated by arrows, were identified using mass
spectrometry analysis of protein bands after in-gel trypsin digestion. * indi-
cates a nonspecific protein band.

state, (b) abundant fragment ions assigned (not more than 1
unassigned fragment ion over 50% of base peak intensity), (c)
good signal to noise (signal to noise ratio of >3 for the majority
of fragment ions), (d) a minimum of three consecutive y- or
b-ions, (e) any y-ion with an N-terminal proline must be
intense, and (f) an immonium ion for Arg (m/z 175.12) or Lys
(m/z147.11) present that is consistent with the expected C-ter-
minal tryptic site.

RESULTS

Tandem Affinity Purification of in Vivo mTOR Complexes—
A TAP-tag comprising protein G and streptavidin-binding
peptide epitopes separated by the TEV protease cleavage site
was fused to the N terminus of mTOR cDNA. Because epitope
fusion to protein can lead to disruption of its function, we tested
the TAP-mTOR protein for its kinase activity toward its sub-
strate, S6K1. TAP-mTOR or the TAP-tag alone was transiently
expressed in HEK293T cells, and purification was performed
using IgG beads that bound to the protein G epitope on the
TAP-tag. Purified complexes were then used for in vitro kinase
activity on mTOR substrate S6K1. As shown in Fig. 14, the
TAP-mTOR fusion protein has kinase activity.
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It has been shown that the integrity of mTOR complexes is
sensitive to the detergents used during extraction/purification
(28). Therefore, as a first step, we established a tandem purifi-
cation condition using CHAPs detergent for lysis. Under this
condition we were able to retain mTOR complexes intact, at
least with respect to its known interactor, Raptor (Fig. 1B). The
purification of TAP-mTOR complexes was specific, as TAP-tag
samples did not show mTOR or Raptor after both the first and
second round of purification. Using this condition we then per-
formed a large-scale purification of TAP-mTOR complexes
from transiently transfected cells, separated the proteins pres-
ent in the complex by one-dimensional-SDS-PAGE, and visu-
alized using SYPRO Ruby staining (Fig. 1C). The identity of
proteins present in the complex was determined by mass spec-
trometry. As seen in Fig. 1C TAP-mTOR lane, the most-abun-
dant band detected was that of TAP-mTOR itself, which dis-
played high sequence coverage (supplemental Fig. S14). This
band was absent in the TAP-tag sample. Raptor and Rictor,
components of mMTORC1 and mTORC2, respectively, were
detected in most of the purifications. We also detected RuvBL1
and RuvBL2, members of ATPases associated with diverse cel-
lular functions (AAA+) and TTI1, a Tel2 interacting protein 1
homolog that interact with mTOR and regulates its levels and
complex stability (29, 30). The identification of known interact-
ing proteins in TAP-mTOR purified sample demonstrates the
specificity of tandem purification for isolation of in vivo mTOR
interactors. In addition, a 300-kDa deubiquitinase enzyme,
USP9X, was detected as a novel mTOR interactor in our affinity
purification. Tandem mass spectra of USP9X peptides are
shown in supplemental Fig. S1, B and C. The specific mTOR
interacting proteins that were identified by mass spectrometry
are summarized in Table 1 (additional MS data are summarized
in supplemental Tables S1, A and B).

USP9X Co-immunoprecipitates mTOR, Raptor, and Rictor—
To further verify the interaction of USP9X and mTOR, endog-
enous USP9X IP from HEK293T cells overexpressing
HA-tagged mTOR was performed. As shown in Fig. 2, A, top
panels, USP9X can co-IP HAmTOR. The reverse, i.e. co-IP of
endogenous USP9X with HAmTOR, was also observed (Fig.
2A, bottom panels). To determine whether USP9X can interact
with mTORCI or mTORC2 or both, V5-tagged USP9X was
transiently expressed in HEK293T cells, and V5 IP was per-
formed. V5-USP9X was able to co-IP endogenous mTOR, Rap-
tor, and Rictor, suggesting that USP9X can interact with
mTORC1 and mTORC?2, respectively (Fig. 2B). However, the
interaction of USP9X with endogenous mTOR and its interac-
tor was relatively weak, as only a small fraction of mTOR/Rap-
tor/Rictor was co-immunoprecipitated with V5-USP9X. Con-
sistent with this, only a small percentage of cellular mTOR
co-localized with USP9X in perinuclear regions (Fig. 2C).

USP9X Is Negative Regulator of mTORCI1 Activity in Myo-
blasts—To analyze the effects of USP9X interaction on
mTORC1 and mTORC?2 activity, we assayed the phosphoryla-
tion status of S6K1 and Akt, respectively. As phosphorylation of
S6K1 by mTOR leads to its activation and S6 phosphorylation
at Ser-235/236, phospho-S6 was used to measure mTOR-me-
diated S6K1 activation. Because of their responsiveness to
changes in external serum and insulin levels, we decided to use
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TABLE 1
Specific proteins identified in mTOR affinity experiments
SwissProt Unique Unique
Protein score” Seq. Cov.” accession no. Gene name Protein name peptides® precursors®
%
163.4 35.8 P42345 MTOR Serine/threonine-protein kinase mTOR 83 100
24.1 13.2 Q8N122 RPTOR Regulatory-associated protein of mTOR 14 17
8.01 4.0 043156 TTI1 TEL2-interacting protein 1 homolog 4 4
491 7.5 Q9Y265 RUVBI1 RuvB-like 1 3 3
4.75 0.9 Q93008 USsPIX Ubiquitin carboxyl-term. hydrolase FAF-X/USP9X 2 2
2.24 4.3 Q9Y230 RUVB2 RuvB-like 2 2 2
0.99 0.5 Q6R327 RICTR Rapamycin-insensitive companion of mTOR 1 1
“ Protein Pilot 4.1 database search score according to Shilov et al. (26).
? Amino acid sequence coverage (Seq. Cov.) of proteins in %.
¢ A peptide confidence score cutoff of 96 was applied.
A B N3
& o
Q X, 0% ’é
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o
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a
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FIGURE 2. USP9X interacts with mTOR, Raptor, and Rictor. A, co-immunoprecipitation of mTOR and USP9X is shown. Hemagglutinin (HA)-tagged mTOR was
transiently expressed in HEK293T cells, and USP9X (top panels) and HAMTOR (bottom panels) were immunoprecipitated (/P) followed by HA, USP9X, and mTOR
Western blot analysis as shown. B, shown is co-immunoprecipitation of mTOR, Raptor, and Rictor with USP9X. V5-tagged USP9X was transiently expressed in
HEK293T cells, and V5 IP was performed as in A. V5 IP was then analyzed using antibodies against mTOR, Raptor, Rictor, and V5 antibodies. Control lanesin Aand
B show pulldown using Protein G beads only. 5% of input and IP supernatants (/P Sup) and 100% of IPs and control were used for Western blot analyses.
* indicates a nonspecific band recognized by anti-Raptor antibody. C, Co-localization of mTOR and USP9X is shown. Exponentially growing C2C12 cells were
fixed with paraformaldehyde and permeabilized with Triton X-100. Immunofluorescence was performed using primary antibodies against endogenous USP9X

and mTOR and fluorescently labeled secondary antibodies. Two different representative images are shown (top and bottom panel).

C2C12 myoblasts to assess the in vivo phosphorylation state of
mTOR substrates. USP9X levels were knocked down in C2C12
myoblasts followed by serum starvation for 24 h to reduce the
basal level of S6 and Akt phosphorylation. The cells were then
stimulated for varying lengths of time, and phosphoprotein and
total protein levels of S6 and Akt were analyzed. As shown in
Fig. 3, A and B, knockdown of USP9X caused a robust increase
in S6 phosphorylation. This increase in S6 phosphorylation was
observed even under starved condition and remained elevated
at all time points measured upon stimulation (Fig. 3B). This
result suggests that USP9X is a negative regulator of mMTORC1
activity. Interestingly, no significant change in Akt phosphory-
lation was detected upon USP9X knockdown (Fig. 3, C and D).
siRNA-mediated knockdown of USP9X was efficient, as its pro-
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tein levels remained low during the course of the experiment
(Fig. 3E). Effects observed on mTOR activity upon USP9X
knockdown using siRNA pool (Fig. 3) were reproduced using
two individual duplexes targeting USP9X (supplemental Fig.
S2). As prolonged starvation can initiate differentiation of
C2C12 cells, we also analyzed the effects of USP9X knockdown
with only a 5-h serum starvation followed by serum and insulin
stimulation. Under this condition, the effects of knockdown on
mTORC1 and mTORC?2 activity were similar to that observed
upon 24 h of starvation followed by stimulation (supplemental
Fig. S3). Therefore, irrespective of the duration of starvation,
the data indicate that although USP9X can interact with both
mTORCI1 and mTORC?2, it appears to only regulate mTORC1
kinase activity under these conditions.
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FIGURE 3. USP9X knockdown increases S6 phosphorylation but not Akt phosphorylation. A, B, C, and D, USP9X levels were knocked down using small
interfering RNA (siRNA) in mouse skeletal muscle C2C12 cells. To measure mTOR kinase activity toward its substrates S6K1 and Akt in vivo, transfected C2C12
cells were deprived of serum for 24 h followed by stimulation with media containing insulin and serum for the indicated times. As phosphorylation of S6K by
mTOR leads to its activation and S6 phosphorylation at Ser-235/236, phospho-56 was used to measure mTOR mediated S6K activation. Phospho-S6 Ser-235/
236, total S6, phospho-Akt Ser-473, and total Akt levels were detected using Western blot analysis, and images were quantitated using ImageQuant. Phos-
pho-S6 and Akt levels were normalized to total S6 and Akt levels, respectively. A single representative Western blot (top panel) and its quantitation (bottom
panel) are shown in A and C. Quantitation of phospho-5S6 and Akt levels for three biological replicates at various time points (0, 5, and 15 min) are shown in B
and D, respectively. E, siRNA-mediated knockdown of USP9X relative to control siRNA was measured by USP9X Western blot. An actin Western blot is shown for
relative loading of the samples. * represents p value < 0.05, ** represents p value < 0.005, and *** represents p value < 0.0005.
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Tandem Affinity Purification of in Vivo USP9X Complexes—
To gain greater insight into the functions of USP9X, we per-
formed tandem affinity purification of USP9X complexes and I\
identified the bound proteins using mass spectrometry. Purifi-

cation of TAP-USP9X was specific, as the most abundant band = } TAP-USPOX

in the sample was that of USP9X (sequence coverage shown in 185 St
supplemental Fig. S1D). The USP9X band was absent in sam- 115 [MAGEDT
ples from cells expressing TAP-tag alone (Fig. 4). MARCH?7, an 80, s MAGEDA4
ubiquitin ligase and a known USP9X-binding protein was iden- 65 Prajal
tified with high confidence in the TAP-USP9X complex (Fig. 4 50 : MARCH?
and supplemental Table S1, C and D) (31). The mTOR interac- N RuvBL1
tor RuvBL1 was also present in the USP9X pulldown. Interest- “

ingly, USP9X co-purified a protein complex comprised of 30

MAGEDI, a known regulator of muscle and neuronal differen- 25

tiation, and its ubiquitin ligase Prajal (32). Prajal also interacts
with USP9X in a yeast two-hybrid analysis.” These observations
suggested that the interaction of USP9X and mTOR might have
roles in muscle differentiation.

USP9X Knockdown Accelerates Muscle Cell Differentiation— ST
Interaction of USP9X with MAGED]I, a protein involved in  FIGURE 4. Tandem purification of TAP-USP9X complexes. TAP-tag and

muscle differentiation, along with observed effects of USP9X ~ TAP-USP9X complexes were purified from HEK293T cells, and the final elutes
were run on SDS-PAGE gels and analyzed using SYPRO Ruby staining. USP9X,

knockdown on mTOR activity prompted us to examine therole  \aGED4, MAGED1, Prajal, MARCH7, and RuvBL1 bands, as indicated by
arrows, were identified by mass spectrometry (details of all the proteins iden-
tified by mass spectrometry are shown in supplemental Fig. STE). * indicates
® R. E. Hughes, unpublished data. nonspecific protein band; ** indicates TAP-tag.
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FIGURE 5. Knock down of USP9X elevates MyoG levels. Cells were transfected with either control or USP9X siRNA and 48 h later transferred to differentiation
media (day 0). Cells were imaged, and protein samples were collected every 24 h starting at day 0 (days 0 to 5). A, differentiation marker MyoG expression in
transfected cells was analyzed using Western blot analysis (top panel). Actin was used as the loading control. Changes in MyoG levels during differentiation of
control or USP9X siRNA-transfected cells were quantitated and plotted (bottom). B, MyoG was visualized via immunofluorescence at day 2 of differentiation.
Quantitation of MyoG-positive nuclei relative to total nuclei (stained with DAPI) is shown. MyoG is in green, and DAPI is in blue. ** represents p value < 0.005.
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FIGURE 6. Knock down of USP9X results in elevated levels of MHC. A, differentiation samples from Fig. 5 were analyzed for the expression of MHC marker
using Western blot analysis (top panel). Actin was used as the loading control. Changes in MHC levels during differentiation of control or USP9X
siRNA-transfected cells were quantitated and plotted (bottom). B, MHC was visualized viaimmunofluorescence at day 3 of differentiation. Differentiation index,
percentage of nuclei in MHC-positive cells relative to total nuclei (stained with DAPI) is shown (bottom). MHC is in green, and DAPI is in blue. * represents p

value < 0.05.

of USP9X in modulation of cell differentiation. 48 h after siRNA
transfection, C2C12 cells were transferred to differentiation
media, and protein samples were collected for Western blot
analysis every day for 5 days (outlined in supplemental Fig. S4).
Asseen in Fig. 5A levels of transcription factor MyoG, a marker
for muscle differentiation, were detectable by Day1 in both con-
trol and USP9X siRNA-transfected cells. However, MyoG lev-
els were higher in cells where USP9X levels had been reduced
(Fig. 5A4). We also monitored the nuclear localization of MyoG
in differentiating cells by immunofluorescence (Fig. 5B). A
higher percentage of cells showed nuclear staining for MyoG at
day 2 of differentiation upon USP9X knockdown relative to
control cells, and this increase was statistically significant (Fig.
5B). To further evaluate the effect of reducing USP9X levels on
C2C12 differentiation, we performed Western blot and immu-
nofluorescence analysis for another differentiation marker,
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MHC. MHC levels were detected by Western blot starting at
day 2 of differentiation. Similar to MyoG, MHC levels were
elevated in USP9X knocked down cells at all days during differ-
entiation (Fig. 64). In addition, MHC immunofluorescence at
day 3 of differentiation showed that a higher number of cells
stained positive for MHC after USP9X knockdown. Differenti-
ation index, i.e. percentage of nuclei present in MHC-positive
cells relative to total nuclei was calculated and showed a signif-
icant increase upon USP9X knockdown (Fig. 6B, bottom). It is
important to point out that USP9X levels remained low in
USP9X siRNA-transfected cells compared with the control for
the entire duration of the experiment (supplemental Fig. S4).
As mTOR activity is essential for muscle differentiation, we
wanted to evaluate whether USP9X knockdown increased
mTOR activity during muscle differentiation. Similar to the
cell-based assay for measuring iz vivo mTOR activity, we ana-
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lyzed the phosphorylation of S6 and Akt as a measure of
mTORC1 and mTORC2 activity, respectively. Interestingly,
reduced USP9X levels resulted in elevated levels of Akt phos-
phorylation, particularly at day 1 (Fig. 7). An effect of USP9X
knockdown on Akt phosphorylation during differentiation
indicates that USP9X acts as a negative regulator of mTORC2
under these conditions. We did not observe any significant
change in S6 phosphorylation during differentiation when
comparing USP9X knockdown cells to control (supplemental
Fig. S5). These results indicate that reduction in USP9X levels
activates mTORC?2 and accelerates muscle differentiation. We
were unable to determine the effect of V5-tagged USP9X over-
expression on mTOR-mediated differentiation of C2C12 myo-
blasts. Although V5-USP9X was detected in transfect cells
using an antibody to the V5 tag, this did not result in increased
total USP9X protein levels in these cells. This was true regard-
less of V5-USP9X expression levels in these cells (supplemental
Fig. S6).

DISCUSSION

We report here the identification of the deubiquitinase
USP9X as a novel mTOR interactor that negatively regulates
mTOR activity and skeletal muscle differentiation. USP9X was
originally cloned as the mammalian ortholog of the Drosophila
fat facets gene that regulates polarity and cell fate in the retina
and is essential for normal eye development and early embry-
onic viability (33, 34). Furthermore, overexpression of Drosoph-
ila fat facets in Drosophila neuronal cells leads to synaptic
hypertrophy and disruption of synaptic functions (35). In
mouse, USP9X is expressed in unfertilized oocytes and preim-
plantation embryos and is required for development (17).
Unlike mTOR, whose hyperactivation can cause exhaustion of
stem cell populations (36), USP9X has been shown to promote
self-renewal of neural stem cells. Recent data show that a mod-
est increase in USP9X levels dramatically enhanced the self-
renewing properties of in vitro-derived neuronal progenitors
(24). However, the molecular mechanisms underlying the
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“stemness”-promoting properties of USP9X are unclear. Our
study using C2C12 cells, where “progenitor” myoblasts are dif-
ferentiated into myotubes, indicates that the activity of USP9X
inhibits myotube formation in part by modulating mTOR
activity. Reduction of USP9X expression in C2C12 myoblasts
increases mTOR activity that is accompanied by accelerated
differentiation of cells upon transferring them to differentiation
media.

We employed tandem affinity purification to isolate mTOR
complexes from cell extracts. The presence of a TAP-tag at the
N terminus of mTOR did not disrupt its interaction with known
interactors nor did it prevent mTOR kinase activity toward its
substrate S6K1 (Fig. 1, A and B). Mass spectrometry analysis of
purified complexes identified the known mTOR interactors,
Raptor, Rictor, RuvBL1, RuvBL2, and TTI1 (29, 30). In addition
to these known interactors, we also observed the deubiquiti-
nase USP9X complexed with mTOR. We confidently identified
USP9X by mass spectrometry in two independent TAP-mTOR
purifications and confirmed the interaction by co-immunopre-
cipitation. A ubiquitin-specific protease, USP9X, can remove
polyubiquitin chains from its substrates, such as AF-6,
B-catenin, MCL1, ITCH, MARCH?7, and ErbB2 leading to their
stabilization and regulation of various cellular functions includ-
ing cell adhesion, polarity, and cell proliferation (17-21, 31, 37,
38). USP9X can also remove polyubiquitin chains and mono-
ubiquitin from its substrates, AMPK-related kinases and
Smad4, respectively, causing changes in their activities without
affecting their stability (39, 40). We did not detect any change in
mTOR protein levels upon knocking down USP9X (supple-
mental Fig. S7). However, knockdown of USP9X increased
mTORCI1 activity in non-differentiating cells and mTORC2 in
differentiating cells.

Reduction in USP9X levels by RNA interference increased
mTORCI activity in C2C12 myoblasts in a growth factor stim-
ulation assay. No change in mTORC?2 activity was observed in
this assay (Fig. 3). The effect of USP9X knockdown using
pooled siRNA on mTOR activity was not due to off-target
effects. Two distinct USP9X siRNA duplexes showed similar
effects on mTORC1/2 activity (supplemental Fig. S2). As
USP9X interacts with Raptor and Rictor, components of
mTORCI1 and -2, respectively, it was surprising that only
mTORCI1 activity was affected by changes in USP9X levels in
this assay. Several groups have reported that constitutively
active mTORCI1 substrate S6K1 can reduce mTORC?2 activity.
Activated S6K1 can inhibit input signaling from insulin and
insulin-like growth factor 1 by phosphorylation and thereby
degradation of insulin receptor substrate 1 (41-43). In addi-
tion, S6K1 can also phosphorylate Rictor and regulate signaling
through mTORC?2 (44, 45). Therefore, it is possible that we did
not observe any changes in mTORC2 activity in myoblasts due
to hyperactivation of mTORCI, particularly under serum-
starved conditions, and initiation of negative feedback regula-
tion. Alternatively, a kinase(s) other than mTOR that is not
regulated by USP9X may be responsible for phosphorylating
Akt in C2C12 cells (46 —48). However, this is unlikely as reduc-
tion in mTOR levels in C2C12 cells results in lower Akt phos-
phorylation compared with control when analyzed in parallel to
USP9X knockdown (supplemental Fig. S3B).
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Using the same tandem affinity purification strategy em-
ployed for mTOR, we identified known and novel USP9X inter-
acting proteins. In this pulldown assay we were able to detect
MARCH7, a known USP9X interactor. We did not, however,
observe mTOR in our purified USP9X complex. Although the
absence of mTOR in USP9X pulldown suggests the transient or
weak nature of mTOR/USP9X interaction, the presence of the
mTOR interactor RuvBL1 indicates that at least some compo-
nents of the mTOR/USP9X complex overlap with components
of MTORCI1 and mTORC2. In addition, we identified two mel-
anoma antigen family members, MAGED1 and MAGED4,
associated with USP9X. Interestingly, MAGED1 co-purified
with its ubiquitin ligase Prajal (32). MAGEDI1 is involved in a
number of cellular processes including transcriptional regula-
tion, apoptosis, cell cycle progression, and differentiation (49 —
51). A number of studies have shown that MAGED1 plays an
important role in muscle and neuronal differentiation. In particu-
lar, overexpression of MAGED1 in C2C12 cells promoted differ-
entiation by inhibiting the Msx2 homeodomain protein (52).
Moreover, it has been reported that MAGEDI levels increase in
differentiating C2C12 cells, and knockdown of MAGED1 impairs
muscle differentiation in vivo (53). Together, interaction of
MAGED1 with USP9X and the effects of USP9X knockdown
on mTOR activity in myoblasts along with known functions
of USP9X in promoting cellular stemness suggested a role of
USP9X in muscle differentiation.

To assess the effects of USP9X on myogenesis, we differenti-
ated C2C12 myoblasts after knocking down USP9X. The
siRNA-mediated knockdown of USP9X was very efficient, and
USP9X protein levels remained low during the entire course of
the experiment (supplemental Fig. S4). Reduction in USP9X
levels resulted in accelerated differentiation of myoblasts as
monitored by the elevated protein levels of differentiation
markers MyoG and MHC (Figs. 5 and 6). Although the magni-
tudes of increase for these two markers was different as meas-
ured by Western blot versus immunofluorescence, both tech-
niques revealed significant increases upon USP9X knockdown.
Initiation of differentiation in cells with decreased USP9X lev-
els was also accompanied by a significant increase in Akt phos-
phorylation at Ser-473 at day 1 (Fig. 7). We did not observe any
changes in mTORC1-mediated S6 phosphorylation (supple-
mental Fig. S5). Our data are consistent with published results
showing that elevated mTORC2 and not mTORC]1 activity can
enhance muscle differentiation (14, 16). However, we cannot
rule out the possibility that mTORC] substrates other than
S6K1 may have a role during myogenesis. Differential effects of
USP9X knockdown on Akt phosphorylation observed in differ-
entiating cells can be attributed to a lack of negative feedback
resulting from elevated mTORC]1 activity as seen in myoblasts.
It is also possible that in differentiating cells, mTORC2 is more
sensitive to USP9X levels than it is in myoblasts due to distinct
growth conditions. The change in mTORC2 activity observed
upon UPS9X knockdown is consistent with the interaction of
USP9X with Rictor.

It will be of interest to further elucidate the precise mecha-
nism by which USP9X regulates mTOR activity during differ-
entiation. However, given the fact that USP9X is in a complex
with mTOR and that their interaction is retained during differ-
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entiation (supplemental Fig. S8), the mechanism is likely to
involve a physical interaction. We were unable to measure dif-
ferentiation under conditions of USP9X overexpression. Ex-
pression of a V5-tagged USP9X in C2C12 cells did not result in
changes in total USP9X. This indicates that C2C12 cells may be
sensitive to increased levels of USP9X and down-regulate
expression of the endogenous gene in response to overexpres-
sion (supplemental Fig. S6).

As knockdown of USP9X enhances the exit of C2C12 myo-
blasts from the cell cycle and undergo differentiation, our
observations are consistent with the known functions of
USP9X in promoting self-renewal of stem cells and inhibition
of differentiation. Our study indicates that this established
activity of USP9X operates in part through mTOR signaling.
Surprisingly, we did not detect any change in USP9X protein
levels upon initiation of differentiation in control cells (supple-
mental Fig. S4). It is possible that during differentiation of skel-
etal muscle, USP9X functions are modulated by inhibition of its
activity and not by reduction in its levels. In conclusion, we have
identified a novel mTOR interactor, USP9X, that acts as a neg-
ative regulator of mTOR functions. Reduction in USP9X levels
results in increased mTORC]1 activity upon growth factor and
insulin signaling in myoblasts. We also show that USP9X mod-
ulates mTORC2 activity in differentiating cells and that this is
accompanied by an accelerated differentiation phenotype. The
role of USP9X in muscle differentiation is further indicated by
its interaction with MAGEDL. It is becoming increasingly clear
that degenerative diseases associated with aging such as sar-
copenia are caused by a reduced capacity for tissue regenera-
tion. Our results show that reducing the activity of USP9X can
enhance the activity of mTOR and promote muscle cell differ-
entiation. This suggests that pharmacologic inhibition of
USP9X could be of benefit in sarcopenia and other degenerative
diseases associated with tissue loss.
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